Abstract. Woven fabrics are widely used in various protective applications. The effects of different woven architectures (such as plain, basket, twill and satin) on impact resistance performance have not been adequately studied. In this work, high-speed impact testing on single layer plain weave structures has been carried out using a gas gun experimental setup. Ballistic resistance performance of the woven fabric is evaluated based on the resultant velocity of the projectile, as well as the post-mortem failure analysis. Finite element computational models are presented in this research, thereby providing predictive capability for the manufacturer and designer in order to minimise field testing, as well as shedding light on to the damage mechanisms of composite fabrics subjected to ballistic impact. The numerical model is validated with the experimental results in terms of dissipated energy and resultant velocity. Numerical investigation is conducted on other woven structures of identical areal density for comparison, revealing the importance of fabric architecture. The influences of yarn-yarn and yarn-projectile friction properties on the ballistic performance of various textile structures are also presented.
Introduction
The impact resistance of high-strength fibres makes them favourable materials for military and civil protective applications, such as armour clothing, helmets and plates for soldiers and law enforcement officers. Widely used fibres for ballistic impact resistance include: aramids, such as Kevlar ® (DuPont) and Twaron ® (Teijin); PBO fibres, such as Zylon ® (Toyobo); and ultra-heavy molecular weight polyethylene (UHMWPE), such as Spectra ® (Honeywell). These fibres are characterised by their stiffness and strength-to-weight ratios, and are woven together into a fabric structure providing strength and toughness. The impact resistance of the fabrics is generally attributed to various factors, including its woven architecture, yarn crimp, and several mechanisms of energy absorption and dissipation of the fabric. Among the various mechanisms influencing the impact resistance of textiles, textile architecture has been identified as one of the major factors capable of significantly influencing the mechanical performance and energy absorption of woven fabrics. Experimental studies on fabrics with different textile architectures have revealed significant variance in their mechanical properties, including permeability, tension wave speed [1] , tensile and tear strength [2] [3] [4] [5] , and impact energy absorption [6] . Identifying the influencing factors, however, was known to be difficult due to the complex interaction between yarns, in which multiple factors were often studied in a coupled manner and cannot be isolated. This is particularly true in the case of textile ballistic impact, where most structural responses can only be measured in the post-test stage. While the results from recent work demonstrated considerable differences in the reduction of projectile residual speed from different woven architectures [6] , little work has been presented on analysing the individual causal factors and their influencing mechanisms [7] .
Modelling the impact response of fabrics woven or knitted from continuous filament yarns is also challenging due to their complicated multi-scale structures and material relations, from fibre to filament, yarn and fabric levels. Various scales of modelling using analytical, numerical and hybrid approaches have thus been explored from the literature review, focusing mainly on the capability of different simulation techniques, such as modelling the whole fabric layer as homogenised membranes, constructing the yarn-level architecture explicitly, as well as simulating the fibril structure at the micro-level. Among all techniques reviewed, meso-scale modelling was identified to have particular usefulness towards the current research. Meso-scale textile modelling considers the yarn-level millimetre-length scale of the fabric by modelling the interlacing of individual yarns. This allows the model to capture the detailed mechanism in the yarn-yarn interaction, such as contact friction and breakage, which enables the model to provide in-depth simulation in the evolution of fabric damage and energy transfer during ballistic impact.
In the ballistic impact study, research efforts in modelling woven fabrics have suggested three main energy-absorbing channels: kinetic energy, strain energy and friction energy [7] [8] [9] , with the friction energy component being more dominant during low speed impact. There is, however, very limited research in modelling and analysis of other woven fabric types. Comparison between energy absorption capacity and mechanical properties of different woven fabrics, damage mechanisms, and influencing factors remains an area yet to be explored.
In this work, experimental study on the ballistic resistance of plain weave fabrics was carried out in parallel with computational modelling to provide supportive evidence on the failure mechanisms and deformations of plain weave architectures. A description of the actual experimental setups will be covered in the next section. Numerical models developed in this study aim at investigating the effect of textile architectures on fabric ballistic resistance. Material models of aramid yarns (Kevlar ® 29) were constructed using mechanical properties obtained through experiments. Fabric models of four different woven structures: Plain, Satin, Twill, and Basket were then created using finite element software LS-DYNA 971. Simulation results focusing on impact energy absorption and failure mechanisms were then analysed in order to provide a detailed comparison of impact resistance between the four woven textiles.
Experimental setup and results
Ballistic impact experiments were carried out using a gas gun assembly with a 0.5 calibre gun barrel ( Fig. 1 ). Single layer Kevlar ® 29 plain woven samples of 163 gsm aerial mass and 880 dtex fabric were trimmed to size 250 mm by 350 mm (Fig. 2a) , and tightly clamped between two steel frames with square cut-outs of 120 mm using eight M8 bolts (Fig. 2b) . Fully covered 0.33 calibre bullets weighing 7.5 g were used as projectiles for the test (Fig. 2c) . It is important to make sure that the sabot, which was used to support the projectile in the barrel, will deviate from the bullet as soon as it emerges from the end of the barrel, leaving no impact on the targeted fabric. For that reason, a novel sabot has been designed to contain two different sections, with an upper part to support the projectile, and a lower part to carry a spring system allowing the sabot to separate into two identical halves. The pressure in the gas chamber was calibrated between 0.17~0.22 MPa for the bullet to acquire an impact speed ranging between 83~105 m/s. Projectile initial velocity was recorded using a laser
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guided gate positioned immediately after the gun barrel, and the residual velocity was captured by analysing the bullet images captured using the high-speed camera, as shown in Fig. 1 . Both the laser sensor channel and the camera were initiated using a trigger switch connected to the oscilloscope. All four plain-woven fabric samples were penetrated by the projectile at the centre, with failure patterns showing good agreement with the literature studies [3] . A series of snapshots at different times of the impact event were taken by a high-speed camera and are presented in Fig. 3a , along with four post-mortem micrograph images of the penetrated fabrics shown in Fig. 3b .
Fig. 3: (a) Snapshots at different times (in milliseconds) during the impact event, and (b) post-mortem failure patterns of four different tests on plain weave fabrics
The test results listed in Table 1 record the initial and residual velocities of the impact event by analysing the images captured from a high-speed camera. Absolute and relative difference of 12~20% are also presented. The increase of velocity difference, ∆V, with respect to the initial impact velocity was noticed and this could suggest an increase in fabric energy absorption capacity with higher projectile impact speed. A plain woven fabric comprising of warp and weft yarns was modelled to resemble the actual geometry of the fabric obtained from its micrograph images. Transversely isotropic elastic mechanical properties were used to simulate the anisotropic response of the yarns. Various tensile tests of both Kevlar ® yarns and fibres have suggested a rate-independent model is suitable for this model. LS-DYNA material model *MAT_ORTHOTROPIC_SIMPLIFIED_DAMAGE was used to effectively model the single yarn behaviour. A finite element model of the woven fabric was then constructed by multiplying the symmetric unit cell of different interlacing patterns, with each unit cell consists of five yarns in both warp and weft directions. The geometrical and mechanical properties of Kevlar ® 29 yarns obtained from physical tests have suggested a 1.095 mm wide and 0.13 mm thick elliptical cross-section for the yarn model, with a spacing of 0.219 mm in between the yarns. The mechanical properties of yarn include a density of 1230 kg/m3 and a failure strain at 3.5%. Taking suggestions from literature regarding simulating the yarn as a bundle of individual fibres, the Poisson's ratio was set to zero, while transverse and shear moduli were reasonably approximated by two and three orders smaller than the longitudinal tensile moduli (79.8 GPa), respectively [10] . The yarn models constructed were meshed with eight quadratic elements in entirety, bounded by two tetrahedral elements at the edge per cross-section. The element's length, thickness, and aspect ratio was defined as 0.18 mm, 0.03 mm, and 6, respectively.
Validation of individual yarn models was carried out using an analytical approach, where the velocity of two mechanical waves generated during impact of the yarns (longitudinal and transverse) can be obtained analytically and compared with the numerical and experimental results. The longitudinal wave speed, c, was calculated by Eq. 1; while the tensile strain, ɛ, travels behind the longitudinal wavefront and can be obtained using Eq. 2, based on the yarn tensile modulus E, density ρ, and impact velocity v.
By computing the tensile strain using an iterative solver, the transverse wave speed, u, can eventually be obtained using Eq. 3. An experimental attempt to determine the wave speeds, u and c, of Kevlar ® 29 yarn has also been carried out using a Dynamic Modulus Tester. The outcomes from the numerical model (Fig. 5) were validated using experimental and analytical methods and indicated a strong agreement in both u and c wave speeds, with differences of less than 8.5%. The 0.3 mm thick single layer plain weave fabric model with dimensions of 120 mm by 120 mm, containing 100 yarns in both warp and weft directions, was fixed at the boundary. An initial velocity of 90 m/s was defined for the bullet projectile, travelling towards the fabric in the normal direction, resembling Test 2 in Table 1 . Friction coefficients of 0.23 and 0.19 were assigned for static and dynamic contacts between the yarns, while a coefficient of 0.18 was assigned for bullet-yarn contact as suggested in the literature [10] . Numerical results are presented in Fig. 6 and Fig. 7 , capturing the time history of bullet velocity and various energy components during the impact events, and comparison of deformation and damaged patterns of the plain weave. To simulate the breakage of yarns, element erosion criteria of 3.5% in maximum strain was applied in the orientation of the yarn's principle axis. Resultant velocity captured by numerical simulation (Fig. 6a ) of 84.8 m/s is comparable with the experimental result of 80 m/s, thus confirming the validity of the model. The sudden change in the slope of velocity curve is marked by the red arrow, which indicates the early penetration of the bullet through the fabric. Fig. 6b presents temporal evolutions of total frictional energy (Fe) between yarns and yarn-projectile, and kinetic and strain energy (Ke and Ue) associated with the fabric. The sum of the three energy components are also plotted against the imparted energy obtained from the reduction in kinetic energy of the projectile, showing the slight difference related to the fracture of the yarns. Similarities in deformation and failure patterns of the woven fabric are observed and illustrated in Fig. 7 . Further illustration of the failure process is presented in Fig. 8 , which shows total frictional energy versus that associated with yarn-yarn and yarn-projectile contacts. Various kink points of the curves also correspond to different stages of the penetration process. Fig. 9 shows the von-Mises stress distribution in the fabric at different time steps, illustrating the impact-induced stress wave propagation from the centre, and the concentrated stress along the two central vertical and horizontal yarns leading to the pull-out observed in the experiment. 
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Influence of fabric architecture
To study the influence of weave structure and variance in their associated energy absorption mechanisms, three additional models with different woven architectures but similar areal volumes (twill, basket and satin) were also constructed using identical yarn and fabric settings (Fig. 10) . As illustrated in Fig. 10 , the four fabric structures differed in the interlacing patterns of warp and weft, leading to the difference in the total contact area between the yarns, which affects the dissipated sliding friction energy during the impact event. The woven fabric structure possesses the largest yarn-yarn contact area and, therefore, dissipates more impacted energy through this mechanism, which reflects through the resultant velocity of the projectile reported in Fig. 11 . Among the four fabric architectures, the plain weave clearly demonstrated the best resistance against the bullet projectile. 
Summary
A meso-scale finite element model was developed to simulate the ballistic impact of woven fabrics with various representative woven architectures. Ballistic experiments of plain woven Kevlar ® 29 were conducted to validate the constructed model, with excellent agreement in resultant velocity, fabric deformation, and failure patterns. The numerical study has provided important insights into the failure process through the evolutions of various energy components. The models of three other fabric architectures were presented, with the simulation results revealing the improved performance of the plain weave compared to the basket, twill and satin weaves.
